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OGO-E SPACE VEHICLE RESPONSE TO TRANSIENT LOADING 

AT ATLAS BOOSTER ENGINE CUTOFF 

I. INTRODUCTION 

The ana lyses  descr ibed here in  were undertaken i n  response to a request1 

made  by the NASA Goddard Space Flight Center (GSFC). 

ana lys i s  concepts and computer programs developed by the Applied Mechanics 

Section of JPL f o r  treating var ious c lasses  of problems in  the field of s t r u c -  

t u r a l  dynamics .  

diction of the Orbiting Geophysical Observatory (OGO-E) spacecraf t  s t ruc tu ra l  

r e sponse  to be expected during Atlas booster engine cut-off (BECO). 

They have utilized 

The specific problem dealt  with i n  this document is  the pre  - 

11. NORMAL MODE ANALYSIS 

A. InDut Data 

Input data  f o r  the normal  mode analysis  were  obtained f rom two sources :  

1 )  the OGO-E spacecraf t  model w a s  supplied to J P L  by the TRW Systems 

Group,  Redondo Beach, Cal i fornia ,  a s  authorized by GSFC; 2 )  the model  for  

the launch vehicle sys tem,  consisting of GD/C SLV-3A Atlas data  and LMSC 

Agena d a t a ,  including the nose fair ing,  w a s  supplied by NASA Lewis Resea rch  

Center  (LeRC) ,  Cleveland, Ohio. 

1 .  The OGO-E spacecraf t .  The OGO-E spacecraf t  s t r u c t u r a l  model 

as  used  i n  this analysis is descr ibed  i n  Refs.  1 and 2 .  Frequencies  and modal  

def lect ions fo r  one quadrant of the OGO-E spacecraf t ,  including the inters tage 

adap te r  s t r u c t u r e ,  were  obtained by TRW Systems using the Stiffness Matr ix  

S t ruc tura l  Analysis P r o g r a m  descr ibed in  Ref. 3 .  

'GSFC l e t t e r ,  F i l e  N o .  16113, d a t e d F e b .  6 ,  1968 to D r .  W.H. Pickering,  
D i rec to r ,  JPL f rom John F. Clark ,  Di rec tor ,  GSFC; Subj: Tors iona l  Mode 
Analysis  of the OGO-E Combined Launch Vehicle. 

1 
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The TRW Systems model a s sumes  the OGO-E spacecraf t  s t ruc ture  to  

have symmet ry  about two orthogonal planes intersect ing a t  the longitudinal ax i s  

of the launch vehicle sys tem.  

The data  obtained by JPL f r o m  TRW w a s  in  the following fo rm:  1 )  input 

data c a r d s  for  the computer  program,  Ref. 3 ,  defining the m a s s  proper t ies  for  

each joint of the lumped m a s s  model, the joint coordinates ,  member  proper t ies  

and stiffness mat r ix  e lements ,  

for the f i r s t  18 elastic modes of the s t ruc ture  cantilevered a t  the bottom of the 

inters tage adapter s t r u c t u r e ,  and 3 )  computer printout containing the 18 f r e -  

quencies corresponding to the 18 normal  modes  of 2 )  above. 

2 )  output c a r d s  defining the modal deflections 

L .  The Atlas/Agena launch vehicle. The data  descr ibing the At las /  

Agena launch vehicle,  including the nose f a i r ing ,  w e r e  t ransmi t ted  to  JPL  via 

Ref. 4. Two enclosures  were  contained i n  Ref. 4 :  the G D / C  Atlas SLV-3A 

model description, Ref. 5, and the Agena and nose fairing descr ipt ion,  Refs .  6 

and 7 .  

The launch vehicle model description cons is t s  of a lumped pa rame te r  

representat ion of the Atlas /Agena vehicle including the nose fa i r ing .  

requested by the Lewis Resea rch  Center (LeRC) i n  Ref. 4 ,  the Agena model  

descr ibed by GD/C in  Ref. 5 w a s  updated using LMSC data  of Ref .  6 .  The 

magnesium door data  was used in the Agena model .  

A s  

Clarification of the Atlas /Agena interface a r e a  w a s  provided by LeRC 

verbally.  The model i s  defined in  F ig .  1 .  

In addition, LeRC informed JPL that the model ,  as descr ibed  i n  Ref. 4 ,  

accounts f o r  a n  OGO-E spacecraf t  iner t ia  of 91 slug-ftZ a t  Joint 7.  

B. Data Processing 

1. The OGO-E spacecraf t .  The cant i lever  no rma l  modes  of the 

OGO-E spacecraft  obtained f rom TRW Systems w e r e  converted to equivalent 

single -degree -of-freedom sys t ems  by the Same technique used  fo r  the Ranger  

and Surveyor spacecraf ts ,  Ref.  8. 

Appendix A and Ref. 9. 
The gene ra l  method used i s  descr ibed  i n  
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2 = 425.33 Ib-sec -in. 
G D/C 
STATION 412.0 '16 

9 Klbd6, = 8 . 2 5 7 ~  10 in.-lb/rad o-------- STATION 435.0 

GD/C STATION NO. = LMSC STATION NO. - 141.0 
i 

F i g .  1. Mathematical  model of the Atlas/Agena interface 

The conversion f r o m  cantilever no rma l  modes  to s ingle-degree -of - 
f reedom s y s t e m s  requi res  the calculation of the r igid-elast ic  coupling t e r m s  

for the cant i lever  s t ruc tu re .  

spacecraf t  s t ruc tu re  into two p a r t s ,  shifting the origin of the coordinate axes ,  

This was accomplished by dividing the OGO-E 

and then calculating the r igid-elast ic  coupling t e r m s  for  each of these pa r t s  

within the Modal Combination P r o g r a m ,  Ref. 10. 

The e las t ic -e las t ic  and rigid-elastic descr ipt ion of the whole OGO-E 

spacecraf t  s t ruc tu re  w a s  obtained by f i r s t  adding the respect ive t e r m s  of the 

two subsys t ems  and then multiplying the resu l t  by four.  

four conver t s  the spacecraf t  model for one quadrant to the complete spacecraf t .  

The multiplication by 

The general ized m a s s  ma t r ix  for the OGO-E spacecraf t  i s  of the follow- 

ing f o r m :  

3 
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Since the r igid-elast ic  coupling t e r m s  have been computed only for  a 

rotation about the vehicle longitudinal axis, the MRE mat r ix  is a row m a t r i x  

having 18 columns represent ing the 18 no rma l  modes .  

MRE and  ME^ mat r i ces  a r e  given i n  Appendix A. 

The e l emen t s  of the 

The normal  modes a r e  renormal ized  such that 

for the jth normal  mode. 

Using r enor mali zation fac tors  

( 3 )  

resu l t s  in a new mass ma t r ix  for the spacecraf t  

Using the above mat r ix ,  18 single -degree -of - f reedom s y s t e m s  have been 

obtained. 

associated spring constants connecting each  of these joints to Joint 7 on the 

Thus, the spacecraf t  is descr ibed  by Joints  26 through 43 and the 

main  vehicle ,  as shown in  Appendix B. 

In the discussion to follow the jth ine r t i a  t e r m ,  Ij,  r ep resen t s  the effec- 

Hence,  for  the spacecraf t  model tive mass of the jth cantilever normal  mode.  

the subscr ip t  j is common to m a s s  point and no rma l  mode.  

conversion f rom norma l  modes  to equivalent lumped p a r a m e t e r s  i s  descr ibed 

in  Appendix A. 

The method of 

In deriving the connecting spring constants the analytically obtained 

modal frequencies were  adjusted by a factor of 0. 915 a s  justif ied in  Ref .  2 .  

While Ref. 2 applies this fac tor  only to the dominant  to rs ion  mode ,  TRW Sys-  

t ems  instructed J P L  verbally to use this f ac to r  on all the, no rma l  modes  

conside r ed .  

4 
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2. The Atlas/Agena launch vehicle. The Atlas/Agena launch vehicle 

The iner t ia  a t  Joint 7 used in  this analysis  w a s  descr ibed  i n  2. of Section 11. 

had to be modified to be compatible with the t rea tment  of the spacecraf t  model .  

First, the spacecraf t  iner t ia ,  as used by LMSC, 91 slug-ft2,  w a s  

removed f r o m  Joint 7.  

to the iner t ia  a t  Joint 7 in  o r d e r  to  preserve the proper  rigid-body r ep resen ta -  

tion consistent with the 18 normal  modes used. (Ref. Eq. A-13, Appendix A. ) 

Then, the additional iner t ia  of 3 . 4  slug-ft2 was  added 

3 .  The composite vehicle.  Al l  pertinent da ta  of the composite vehicle 

are  given in  Appendix C. 

obtain no rma l  modes,  the vehicle was f i r s t  divided into two par t s  a t  G D / C  

Station 577. 195.  The cant i levered normal modes of each  pa r t  of the vehicle 

w e r e  obtained using the Stiffness Matrix Structural  Analysis P r o g r a m ,  Ref .  3. 

In the processing of the composi te  vehicle data  to 

The two pa r t s  of the composite vehicle were  then combined to obtain the 

overa l l  vehicle normal  modes using the Modal Combination P r o g r a m ,  Ref. 10. 

C. F r e e - F r e e  Torsional  Modes 

Appendix D contains plots of the f i r s t  2 2  f r e e - f r e e  normal  modes of the 

composi te  vehicle as well as other  pertinent modal da ta  in  tabular form.  

Spacecraf t  deflections shown a t  CD/C Station 9 5 . 0  a r e  actually the par t ic ipa-  

tion f ac to r s  of the spacecraf t  centilever modes as  finally normalized.  

Modal deflections for  joints within the OGO-E spacecraf t  were  obtained 

as  requi red  for  the response  analysis requested by TRW Systems in  Ref. 11. 

In obtaining the modal deflections for  joints within the OGO-E spacecraf t ,  

the or iginal  TRW modal data had to be renormalized by the factor -pj. 

negative sign is required to make the TRW analysis  coordinate axes  convention 

compatible with the JPL  composite vehicle a n a l y s i s  axes .  

The 

Thus ,  

18 

j =  1 

5 
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where 

th = modal deflection of kth point in  the OGO-E spacecraf t  i n  the n 

overall launch vehicle f r e e - f r e e  mode. 

= renormalization factor  for  the jth mode,  f r o m  Eq. ( 3 ) .  

modal deflection of the kth point i n  the OGO-E spacecraf t  i n  the 

jth cantilever mode in  original TRW coordinate axes .  

the nth mode shape at point j in the overal l  launch vehicle 

f r ee - f r ee  mode. 

5 

0 j 

j n  

k 
@ = 

U = 

k 
Values of Qin a re  l i s ted  in Appendix D for  the five points for  which response  

t ime h is tor ies  have been requested by TRW Systems.  

Rotational acce lera t ion  and torque a t  OCO Station 400 were  requested by 

Since no spacecraf t  m a s s  point w a s  provided a t  that  TRW Systems in Ref. 11. 

station, i t  w a s  verbally agreed  with TRW Systems to supply the acce lera t ion  

and torque a t  Joint 7 ,  C D / C  Station 106. 1 .  

The coinputation of the torque a t  Joint 7 ,  as descr ibed  in  SectionIII, 

requi res  the evaluation of the following quantity: 

18 18 

j =  1 

where 

I" = modal quantity used to compute torque response 
n 

.!, 

(m;e ) = the m a s s ,  in  this case  iner t ia ,  represent ing the j th  OGO 

cantilever mode f rom Eqs .  ( 3 )  and (4)  

I. = same as (m:" ) 
J re  j 

t h  
U = the n mode shape at  point j in the  overal l  launch vehicle 

jn 
f r ee - f r ee  mode. 

Values of 1::' a r e  l is ted in  Appendix D.  n 

6 
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111. RESPONSE ANALYSES 

A. Method 

The method used  to compute the response of the spacecraf t  a t  booster  

engine cut-off (BECO) is indicated i n  the J P L  Technical Memorandum 33-350 

(Ref. 12) modified to accommodate  certain types of responses .  

Three  types of responses  w e r e  required:  

1) Angular accelerat ion of the spacecraf t  b a s e  (Station 106. 1) and at  

two points of the spacecraft  (Joint 1 ,  x5 and Joint 5,  

L inea r  accelerat ion at 3 points of the spacecraf t  (Jo 

Joint 23, x l ,  and Joint 23, x3). 

Torque  a t  the spacecraf t  base (Station 106. 1 ) .  

2)  

3) 

Item 1 is readi ly  computed b y  the digital p r o g r a m  of Ref. 12, f o r  which 
k 
In Qln i s  identical  t o  @ of Eq (5). 

I t e m  2 can a l so  b e  computed by the s a m e  p r o g r a m  i f  one notes that the 

mode shapes  Qln (n = 0 ,  1,  2 ,  . . . N) of Ref. 12 corresponding t o  the points on 

the spacecraf t  mus t  be l i nea r  mode shapes r a the r  than angular mode shapes.  

Pa r t i cu la r ly ,  it must b e  noted that  the rigid body linear mode shape Ql0 is no  

longer  unity if  the gimbal block angular rigid body mode shape i s  no rma l -  

ized t o  unity. 

accelerat ion (in. / s e c  ) instead of an angular accelerat ion ( r a d / s e c  ), again 

Qln is identical  t o  @ 

Final ly ,  the response  u2(t)  (Eq. 18 of Ref. 12) is  a l i nea r  
2 2 

k 
In' 

I tem 3 requi res  a slight modification in  the interpretat ion of Eq.  8 of 

Ref .  12 in  o r d e r  to use  the s a m e  program a s  indicated below. 

Torque computation. The torque T B  = TB(t )  a t  the spacecraf t  base i s  the 

s u m  of the iner t ia  torques due to the elements  of iner t ia  I .  ( j  = 1,  2,  . . . M ) ,  of 

each m a s s  point j of the spacecraf t  model (cantilever no rma l  mode of space -  

c ra f t )  about the longitudinal axis above the spacecraf t  base (Fig.  2) .  

J 

The iner t ia  torque due to each iner t ia  I .  i s :  
J 

1 = 1 . u  - 
j J J  - 'j & " j n q n  

n= o 

7 

( 7 )  
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F i g .  2 .  Ideal representat ion of s t ruc ture  for  spacecraf t  
ba s e torque dete rmination 

where 

6 = the angular rotation a t  m a s s  point j 
j 

U = the nth mode shape at m a s s  point j in the  overa l l  vehicle f r e e -  
jn 

f ree  modes 

= the nth generalized coordinate 
'n 

The total torque a t  the spacec ra f t  base is the summat ion  of T.  on all 
J 

m a s s  points j of the spacecraf t .  

M N 

j = l  n=o 

TB = 2 (5 Ij ujn) in 
n=O j=  1 

8 
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Let  

M 

j =  1 

then the torque at the spacecraf t  base is 

N 
TB qn 1: 

(M=18) 

n=o 

Taking the F o u r i e r  t r ans fo rm of T B  and using Eq. (5) of Ref. 12 w e  finally 

obtain: 

N c 
n=o 

mn 

1 
, 2  

This is the s a m e  as Eq. (8) of Ref. 12 if we rep lace  

The column of 1''' used i n  the computation of the torque i s  indicated i n  

Appendix D. 
n 

B. Input Data 

The input data were  the flight data obtained during the Ranger fl ight,  

Ranger  V I  through IX, a t  booster engine cut-off (BECO), as determined i n  

Ref. 13.  In Appendix E ,  F i g s .  E-1 through E-12 show the t ime h i s to r i e s  of 

the four t r ans i en t s  and the i r  Four i e r  t r ans fo rms .  

9 
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C. Normal  Modes 

In addition to the rigid-body mode,  t h e  first 19 e las t ic  f r e e - f r e e  no rma l  

modes covering a f requency range f r o m  4 .93  to 82.99 cps  were  retained to  

r ep resen t  the Atlas/Agena/OGO vehicle.  (See Appendix D. ) 

As previously done, 9 modes were  retained f o r  the Atlas/Agena/Ranger  

vehicle as shownin  Table B-1 of Ref. 13. 

D. Damping 

A modal damping of 370 cr i t ica l  6 = - w a s  used for  all modes of the 
Atlas /Agena/Ranger vehicle i n  accordance with previous calculations (Refs .  12 

and 13).  

pertaining to the Atlas /Agena/OGO vehicle.  

f r o m  0. 1% to 50% were  a l so  used for  joint 2 3 ,  X1 responses  to show the influ- 

ence of the damping. (See Table 3. ) Modal dampings of 1 ,  2 ,  3,  and 470 w e r e  

a l s o  used for  joint 1 ,  x l .  

( c",, 
A modal damping of 370 was a l so  used for  most  of the calculations 

However,  modal dampings ranging 

E.  Responses 

The t ime his tor ies  of the responses  were  computed together with their  

F o u r i e r  t ransforms.  

through 3 .  

Figs .  E-13  through E-126. 

Peak responses  were  noted and a r e  indicated in  Tables  1 

Time h is tor ies  and Four i e r  t r ans fo rms  a r e  shown in Appendix E, 

Final ly ,  it mus t  be noted that since the amount of energy contained in  

each  pulse i s  l imited,  the peak response  tends to level  out for small damping 6 
a s  shown in  Fig.  E -127  in Appendix E. 

10 
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Table 1 .  Acceleration responses  fo r  370 modal damping 
(RA-6, 7,  8 ,  9 data input) 

Location 

Base of S / C  Accel.  
(Joint  7)  

1 Joint 1 ,  x 

5 Joint 1 ,  x 

5 Joint 5 ,  x 

Joint 23, x1 

Joint 23, x3 

Exc i t a ti o 11 

Pulse  1 

Pulse  2 

Pulse  3 

Pulse  4 

Pulse 1 

Pulse  2 

Pulse  3 

Pulse  4 

Pulse  1 

Pulse  2 

Pulse  3 

Pulse  4 

Pulse  1 

Pulse  2 

Pulse  3 

Pulse 4 

Pulse  1 

Pulse  2 

Pulse 3 

Pulse 4 

Pulse 1 

Pulse 2 

Pulse 3 

Pulse 4 

1 1  

Peak accelerat ion 

2 

2 

2 

2 

2 

2 

2 

2 

2 0 . 4  r a d / s e c  

21 .2  r a d / s e c  

2 4 . 2  r a d / s e c  

21 .3  r a d / s e c  

151.6 in.  / s e c  

192. 3 in.  / s e c  

192. 9 in.  / s e c  

187.8 in. / s e c  

2 

2 
70 .8  r a d / s e c  

75 .6  r a d / s e c  
2 

2 

2 

2 

2 

121.4 r a d / s e c  

75.3 r a d / s e c  

3 0 . 7  r a d / s e c  

52 .4  r a d / s e c  

76.0 r a d / s e c  
2 

2 

2 

2 

2 

41 .2  r a d / s e c  

759. O in. / s e c  

1158.0 in.  / s e c  

1520.0 in. / s e c  

1106.0 in ,  / s e c  

2 

2 
592.0 in. / s e c  

1000.0 in.  / s e c  
2 

2 
1446.0 in.  / s e c  

890.0  in.  / s e c  

0.393g 

0.498g 

0 .  500g 

0.486g 

1.97g 

3. og 

3 .94g  

2.86g 

1.53g 

2.59g 
3.74g 

2.30g 
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Table  2. Torque 

Excitation 

Pulse  1 

Pulse  2 

Pu l se  3 

Pulse  4 

Location Peak  torque 

22690 lb- in .  

37989 lb-in.  

50018 lb- in .  

29574 lb-in.  

Base  of SIC torque 

(Joint  7) 

Table 3 .  Effect of moda 

Location 

Joint 1 ,  x1 

Joint 23, x1 

damping of Atlas  /Agena/OGO s p  
\Fehicle - pulse 3 excitation 

Modal damping 

12 

ce 

Peak  acce lera t ion  

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

281.3  in .  / s e c  

215. 3 in .  / s ec  

192. 9 in .  / s e c  

171 .4  in.  / s e c  

2638.0 in.  / s e c  

2415.0 in .  / s e c  

2215.0 in .  / s e c  

1830.0 in .  / s ec  

1520.0 in.  / s e c  

1307.0 in.  / s e c  

721. 0 in.  / sec  

45. O in. / s ec  

0.  728g 

0 .  558g 

0.  500g 

0.444g 

6.83g 

6.25g 

5.74g 

4.74g 

3.94g 

3.34g 

0. l l g  

1 .87g 
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APPENDIX A 

CONVERSION FROM NORMAL-MODE COORDINATES OF A 

CANTILEVER STRUCTURE TO AN EQUIVALENT 

LUMPED-PARAMETER SYSTEM 

In the absence of the availability of Ref. 9 ,  i t  is intended that this 

appendix convey the physical and mathematical  concepts of converting the 

cant i lever  normal -mode  data computed fo r  the OGO-E spacecraf t  into a n  

equivalent l umped-pa rame te r  s y s t e m  compatible with the launch vehicle 

rep  r e s entation. 

The concepts a r e  m o s t  easi ly  introduced by first considering the axial 

cantilever modes  of a uniform bar  of length, P , and m a s s  -per  -unit length,  p. 

F r o m  Ref. 14 i t  can  be shown, using Timoshenko’s notation, that the c i r cu la r  

frequency of the i th  mode is given by 

where 

and the modal  amplitude a dis tance,  x,  f r o m  the root i s  

X. = D. s in  i = 1,  13, 5 . . .  
1 1 

(A-2 )  

where Di i s ,  in  genera l ,  a n  a r b i t r a r y  normalization fac tor .  

w i l l  be shown that ,  for  each  mode,  a relationship can be established for Di  

giving an  equivalence between the continuous sys t em and a simple osci l la tor .  

However ,  he re  i t  

The general ized m a s s  of the ith mode i s  

- - ” D.2 
- 2  1 

A -  1 

(A-3)  



The axial load a t  the root of the ba r  is 

2 
Mri P. = p. 

1 1 

where  M . i s  the iner t ia l  coupling between the ith cantilever mode and a r ig id-  

body axial  translation, X = 1 ,  i . e .  , 
ri 

r 

M ri = i l X  r i  X. p d x  

i = 1, 3 ,  5 ,  . . .  - 2P1 - -  
i-rr Di (A-4)  

With a s imple oscil lator (Fig.  A-1), the general ized m a s s  is  m ,  and the iner t ia  

fo rce ,  -mx,  i s  the axial  force  applied a t  the base.  

The continuous s y s t e m  may be converted to a n  equivalent s imple osc i l -  

la tor  by modal  renormalizat ions that equate M 

values of i .  Thus ,  f r o m  Eqs .  (A-3)  and (A-4) ,  

and Mri for  all applicable ii 

4 D. = - 
1 1 T T  

(A-5)  

Substituting this express ion  in  Eq. (A-2) ,  and per forming  the integrat ions indi - 
cated in Eqs.  (A-3 )  and (A-4)  gives 

Figure A- 1 .  Oscil la tor  

A -2 
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The continuous sys t em has  an infinite number of modes ,  each of which may be 

represented  by  a simple osci l la tor  with a point m a s s  defined by Eq. ( A - 6 ) .  I t  

i s  pertinent to note that 

i = 1 ,  2 ,  3 ,  . . .  1 
T2  2 - 1) 

C Mii = C (2i  i =  1 i= 1 

= P I  

= M  r r  

the "r igid-r igid"  t e r m  in  the generalized m a s s  ma t r ix ,  i. e .  , 

[MI = 

r e  M M 
r r  

ee  M e r  M 
(A-7 )  

where in  M i s  the diagonal ma t r ix  of which M. i s  an element .  e e  ii 

With respec t  to the OCO-E spacecraft ,  the init ial  m a s s  ma t r ix ,  M e e '  
i s  the diagonal ma t r ix  applying to modal normalizations giving unit displace - 
ment  a t  the point of maximum amplitude in each mode.  

m a t r i x  is of the fo rm 

The i th  e lement  of this 

k=n 

k= 1 

where in  the dot product is meant  to signify that all s ix  components of motion 

(i. e . ,  th ree  t ranslat ions and three  rotations) a r e  appropriately t rea ted  with the 

applicable m to account,  i n  effect ,  for all of the kinetic energy  in  the mode. k 

8 A-3 
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The iner t ia l  coupling between the i th e l a s t i c  mode and a rigid-body 

rotation of 1 r a d .  about the ro l l  axis  is of the f o r m  

k=n 

(A-9)  
k= 1 

wherein c$ ik  
the sense  of torsion. 

is meant as only that component of the total motion of r r ik  that  has  

If, now, the ith e l a s t i c  mode is to  be renormalized by a f ac to r ,  D . ,  the 
1 

new mass mat r ix  e lements  a re  

Mii = Di 2 -  Mii 

M = D . m .  ri 1 ri 

Equating Mii and M . gives ri 

(A- 10 )  

(A-1 1)  

(A-12) 

Since only a cer ta in  number ,  N ,  of cant i lever  modes  need be used  in  an 

engineering analysis,  a n  incrementa l  r igid mass,  

i=N 

r r  AM = M r r  (A-13) 

i= 1 

m u s t  be added at the "ground plane" of the s y s t e m  of n independent s imple  

osc i l l a to r s  as  shown i n  F ig .  A - 2 .  

A -4 
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F i g .  A - 2 .  Mathematical  model  of the 
OGO-E spacecraf t  

A - 5  
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I 
I 
I 
I 
I 
I 
I 

ATLAS/AGENA/OGO TORSION MODEL INPUT DATA 

JOINT COORDINATES 

JOINT GD/C S T A T I O N I  INCHES 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16  
17  
6 1  
6 2  
6 3  
6 4  
6 5  
66 
6 7  
6 8  
6 9  
70 
7 1  
72  
7 3  
74  
75 
76 
77 
78 
7 9  
8 0  
8 1  
82 
83 
84  
85 
8 6  
87 
45 
4 6  
4 7  
48 
49  
5 0  
5 1  
52 
5 3  
54 
55 
56 

c- 1 

-99.9 
-59.9 
-22.1 

19.3 
59.3 
95.6 

106.1 
118.9 
137.1 
163.7 
194.0 
225.1 
263.8 
304.9 
3 94.2 
4 12.0 
301.0 
435.0  
455.0 
475.0  
495.0  
5 15.1 
528.65 
547.13 
577.195 
607.265 
636.655 
6 65. 965 
695.015 

753.295 
7 82.405 
8 11.515 
840.625 
869.73 
899.84 
9 27.67 
951.34 
977.57 

1 no80 75 
1 041.25 
1073.75 
1106.25 
1127.75 
1133.0 
1160.0  
1176.0 
1198.0 
1210.0 
1212.0 
1158.0 
1182.0 
1717.0  
1375.0 
1 2  13.0 
1242.0 

724.  i n 5  
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SPACECRAFT REPRESENTATION 

26  
27  
28 
2 9  
3 0  
3 1  
32 
33 
34 
35 
36 
37 
38 
39  
40  
4 1  
42 
43 

9500  
95.0 
9 5 0 0  
9 5 0 0  
9500 
9 5 0 0  
9500  
95.0 
95.0 
9 5 0 0  
9500 
95.0 
9 5 0 0  
9500 
95.0 
9 5 0 0  
9 5 0 0  
9 5 0 0  

JOINT INERTIAS 

JOINT 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 
17 
6 1  
62 
63 
64  
65 
66 
67 
68 
69 
70 
7 1  
72 
73 
7 4  
75 
76 
77 
78 

c -2 

INERTIA~POUND INCHES SOUARFD 

056824 €5 
081167 €5  
e81631 F5 
- 9 0 6 2 6  E5 
.90966 E5 
014131 E6 
0 9 1 2 9 1  €5 
022128 E6 
010289 E 6  
OR1642 E5 
058400 E5 
a62987 E5 

19669 €6 
0 8 4 3 3 6  E5 
010275 E6 
.16435 E6 
b??029 €5 
b88810 € 5  
081619 E5 
0 1 0 5 2 6  E6 

13364 E6 
e 16751  E6 
011554 E6 
019852 E 6  
019859 €6 
.19859 E6 
039225 E6 
e19225 E6 
019225 E6 
a28925 E6 
036954 E 6  
021486 E6 

23748 E6 
e33434 E6 
043350 E6 



79 
80 
8 1  
82 

84 
83 
86 
87 
45 
46 
47 
48 
49 
50 
5 1  
52 
53 
54 
55 
56 

a3 
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SPACECRAFT REPRESENTAT I O N  

26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
4 3  

C - 3  

a77792 E6 
a84974 E6 
a76633 E6 
013688  E7 
0 1 6 2 1 1  E7 
015110  E7 
a 12906 E7 
a86234 E6 
a12835 E7 
a40652 E6 
a52767 E6 
a47759 E6 
a30278 E6 
a23555 E6 
a51422 E6 
a15093 E7 
a42825 E7 
a63826 E7 
a57388 E7 
.10000 E2 
a66051 E7 

a7?489 E4 
011068  E5 
a23537 E4 
m42846 E2 
a19484 E5 
a71527 €4  
a26935 E5 
a17715 E5 
a62807 E5 
018100  E6 
a 5 5 0 5 2  E3 
a10192 E4 
a48200 E3 
a67983 E l  
a81376 E2 
a10652 E2 
a12562 E2 
m96256 EO 
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JOINT A 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
13 
14 
15 
16 
61 
62 
63 
64 
65 
66 
67 
68 
6 9  
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80  
81 
82 
83 
84 
85 
86 
87 
45 
46 
47 
48 
49 
b5 
51 
52 
53 
53 
55 

S P R I N G  CONSTANTS 

JOINT 8 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
17 
15 
16 
61 
62 
63 
64 
65 
66 
67 
68 
69 
7 0  
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
45 
46 
47 
48 
49 
50 
51 
52 
53 
5 4  
5 5  
56 

c -4 

0 2 1 5 0 0  
94400 

0 8 1000 
096500 

13360 
0 5 3 3 0 0  
043700 
38000 

028830 
013240 
0 14930 
0 15450 

14000 
0 20000 
0 19590 

17nOO 
082570 
082190 
075660 
0 97940 
12480 
15360 

068460 
079200 
079200 
079200 
081800 
081800 
081800 
081800 
0 8 1800 
92400 

0 10200 
11 140 

0 11770 
10690 
17080 
18690 

014150 
13000 
13470 

0 13830 
14300 
97060 

0 11 100 
-13116 
0 12720 
0 20880 
0 20880 
34320 
36600 
29940 

0 3 9 1 8 0  
10440 

0 10000 

€09 
E09 
€09 
E09 
El0 
E l 0  
E l n  
E10 
E10 
E i n  
E10 
E l 0  
E10 
E09 
E10 
€10 
E10 
E10 
E10 
E10 
E l l  
€1 1 
E l  1 
E l 0  
E10 
El0 
E 10 
El0 
E10 
E10 
E10 
E10 
E l l  
E l  1 
E l l  
E l l  
E l  1 
E l  1 
E l  1 
E l l  
E l  1 
E l l  
E l  1 
E l  1 
E l  1 
E l l  
E l 0  
E09 
E09 
E l l  
E l l  
El 1 
E l l  
E09 
E 1 2  
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7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
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REPriES ENTAT I OY 

26 
27 
28 
29 
30 
31  
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
4 2  
43 

c -5 

0 11990 E05 
097930 E05  
0 33070 E05 
0 1P710 E04 
073290 E06 
0 34870 E06 
0 17430 E07 
m21340 E07 
0 11280 EC 8 
0 34950 E08 
0 13090 E06 
0 36010 E0 6 
0 2 2410 E06 
0 47790 EQ4 
078570 E05 

10450 EO 5 
0 14830 EO 5 
0 13280 E04 
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@ NOTE: C C D I N G  IS ESSENTIALLY THE SAME AS THE 
ORIGINAL DATA WITH EXCEPTION OF 

1) 

2) SPACKRAFI JOINTS Z I T H R O U G H  43 

ORIGINAL J O I N T  35 HAS BEEN RELABELED 
AS J O I N T  17. 

0 HAVE BEEN ADDED. 
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0 

0 

0 
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@ 
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Fig .  C-1. Mathematical model  of the Atlas/Agena OGO-E space  vehicle  
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F R E E - F R E E  TORSIONAL MODES FOR THE 

OCO-E SPACE VEHICLE 
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Fig.  D-1. Atlas/Agena/OGO torsion mode shape (mode 1)  F = 4 . 9 3  Hz 

D - 1  
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Fig .  D-3.  Atlas/Agena/OGO torsion mode shape (mode 3 )  F = 1 1 .  74 Hz 
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F i g .  D-4. Atlas/Agena/OGO tors ion  mode shape (mode 4) F = 13.09 HZ 
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Fig .  D-6. Atlas/Agena/OGO torsion mode shape (mode 6 )  F = 19.13 Hz 
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Atlas/Agena/OGO torsion m o d e  shape (mode 7)’F = 21.80 Hz Fig ,  D-7.  

D -7 



900-128 

GD/C VEHICLE STATION NUMBER 

F i g .  D-8. Atlas/Agena/OGO tors ion  mode shape (mode 8) F = 24.68 Hz 
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Fig .  D-11, Atlas/Agena/OGO torsion mode shape (mode 11) F = 39.87 Hz 
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Fig .  D-12. Atlas/Agena/OGO tors ion  mode shape (mode 1 2 )  F = 42. 58 Hz 
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Fig .  D-13. Atlas/Agena/OGO torsion mode shape (mode 1 3 )  F = 45.83 H Z  
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Fig .  D-15. Atlas/Agena/OGO tors ion mode shape (mode 15) F = 58.83 Hz 
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F i g .  D-16. Atlas/Agena/OGO tors ion mode shape (mode 16) F = 5 9 . 0 2  Hz 
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Fig.  D-19. Atlas/Agena/OGO torsion mode shape (mode 19) F = 82 .  99 Hz 
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Fig .  D-21. Atlas/Agena/OGO tors ion mode shape (mode 21) F = 97.26 Hz 
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Fig .  D-22. Atlas/Agena/OGO tors ion  mode shape (mode 22) F = 98.04 Hz 
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modulus (pulse 4) 

E-95 



~ 

900-128 

PHASE ANGLE OF FB(F) (RAD) VS FREQUENCY (Hz) 

m 
LL 

0 10 20 30 40 50 60 110 120 70 80 90 100 

FREQUENCY, Hz 

Fig .  E-96. Base of spacecraf t  torque,  Joint  7 ,  F o u r i e r  t r ans fo rm,  
phase angle (pulse  4) 
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Fig ,  E-97.  Joint 1 ,  xl. time h is tory  (pulse 3 )  1% damping 
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Fig .  E-98. Joint 1 ,  x1 F o u r i e r  t r a n s f o r m ,  modulus (pulse 3 )  
1 %  damping 
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Fig .  E-99.  Joint  1 ,  x1 Four i e r  t r a n s f o r m ,  phase angle (pulse 3) 
1% damping 
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Fig .  E-100.  Joint 1 ,  x1 time h i s to ry  (pulse  3 )  2'7'0 damping 
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F i g .  E-101. Joint 1 ,  x Fourier t r ans fo rm,  modulus (pulse 3 )  2% damping 1 
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Fig.  E-102. Joint 1 ,  x F o u r i e r  t r a n s f o r m ,  phase angle (pulse 3 )  
270 damping 1 
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Fig .  E-103. Joint 1, x1 time his tory (pulse 3 )  470 damping 
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F i g .  E-104. Joint 1 ,  x Four i e r  t r ans fo rm,  modulus (pulse 3 )  
470 damping 1 
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F i g .  E-105. Joint 1 ,  x1 Fourier t r ans fo rm,  phase angle (pulse 3 )  
4% damping 
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Fig .  E-107. Joint 23,  x Four ie r  t r a n s f o r m ,  modulus,  (pulse 3 )  
0.1% damping 
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Fig.  E-108. Joint  23, x1 F o u r i e r  t r a n s f o r m ,  phase  angle ,  (pulse  3) 
0. 1 TO damping 
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F i g .  E-109. Joint  23, x time h i s to ry  (pulse 3)  0. 5'7'0 damping 1 
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F i g .  E-110. Joint 23, x1 F o u r i e r  t r a n s f o r m ,  modulus,  (pulse 3 )  
0. 5% damping 
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Fig .  E-111. Joint 23 ,  x Four i e r  t r ans fo rm,  phase angle (pulse 3 )  
0 .5% damping 
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Fig .  E-112, Joint  23, x1 time h i s t o r y  (pulse 3 )  1 %  damping 
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Fig.  E-113. Joint 23, x Four ie r  t r a n s f o r m ,  modulus (pulse 3 )  
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F i g .  E-114. Joint 2 3 ,  x Four i e r  t r a n s f o r m ,  phase angle (pulse 3 )  
1% damping 
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Fig.  E-115. Joint 23, x1 t ime h is tory  (pulse 3 )  270 damping 
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F i g ,  E-116. Joint 2 3 ,  x Four i e r  t r a n s f o r m ,  modulus (pulse 3 )  
270 damping 
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Fig .  E-117. Joint  2 3 ,  x Four i e r  t r a n s f o r m ,  phase angle (pulse 3 )  
270 damping 
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F i g .  E-118. Joint 23, x1 t ime h i s to ry  (pulse 3) 4% damping 
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Fig .  E-119. Joint 2 3 ,  x1 Four i e r  t r a n s f o r m ,  modulus (pulse 3 )  
470 damping 
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Fig .  E - 1 2 0 .  Joint 2 3 ,  x Four i e r  t r a n s f o r m ,  phase angle (pulse 3 )  
4% damping 
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F i g .  E-121. Joint 23 ,  x time history (pulse 3 )  10% damping 1 
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F i g .  E-122. Joint 23, x Four i e r  t r ans fo rm,  modulus (pulse 3 )  
10% damping 
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Fig .  E-123. Joint 23, x Four i e r  t r ans fo rm,  phase  angle (pulse 3)  
10% damping 
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F i g .  E-125. Joint 23, x1 Four ie r  t r ans fo rm,  modulus (pulse 3 )  
50% damping 
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Fig .  E-126.  Joint 2 3 ,  x Four i e r  t r a n s f o r m ,  phase angle (pulse 3 )  
50% damping 1 
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Fig.  E- 127. Variations of peak accelerat ion with 
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